Abstract. Tomato (Lycopersicon esculentum Mill.) plants were grown in either a glasshouse (GH) or a controlled environment cabinet (CEC) to assess the effects of partial rootzone drying (PRD) on biomass allocation. Control and PRD plants received the same amounts of water. In control plants, water was equally distributed between two compartments of a split-root system. In PRD plants, only one compartment was watered while the other was allowed to dry. At the end of each drying cycle, wet and dry compartments were alternated. In the GH, total biomass did not differ between PRD and control plants after four cycles of PRD, but PRD increased root biomass by 55% as resources were partitioned away from shoot organs. In the CEC, leaf water potential did not differ between treatments at the end of either of two cycles of PRD, but stomatal conductance of PRD plants was 20% less at the end of the first cycle than at the beginning. After two cycles of PRD in the CEC, biomass did not differ between PRD and control plants, but PRD increased root biomass by 19% over the control plants. The promotion of root biomass in PRD plants was associated with the alternation of wet and dry compartments, with increased root biomass occurring in the re-watered compartment after previous exposure to soil drying. Promotion of root biomass in field-grown PRD plants may allow the root system to access resources (water and nutrients) that would otherwise be unavailable to control plants. This may contribute to the ability of PRD plants to maintain similar leaf water potentials to conventionally irrigated plants, even when smaller irrigation volumes are supplied.
Introduction
Irrigation in horticulture has become widespread throughout the world, ensuring the reliable production of high-value fruit and vegetable crops. In certain parts of the world, increasing demands on limited water resources has stimulated research into optimising and increasing horticultural water use efficiency (WUE), most notably regarding irrigation scheduling. One irrigation technique that has received considerable attention is partial rootzone drying (Dry et al. 1996) .
The technique is an adaptation of laboratory split-root experiments (Blackman and Davies 1985; Gowing et al. 1990 ) that utilises plant root-to-shoot chemical signalling mechanisms to influence shoot physiology. It works in drip-or furrow-irrigated crops where each side of the row is watered independently. When the crop is irrigated, soil on only one side of the row receives water while the other is allowed Abbreviations used: CEC, controlled environment cabinet; GH, glasshouse; g s , stomatal conductance; PRD, partial rootzone drying; WUE, water use efficiency; L , leaf water potentials; s , soil water potential; θ, soil water content.
to dry. The root system senses soil drying and produces a chemical signal (Zhang and Davies 1989) that is transmitted to the shoots to close the stomata (decreasing water loss) and limit vegetative growth, thus improving WUE (Gowing et al. 1990; Dry and Loveys 1999; Davies et al. 2000; de Souza et al. 2003) . Experiments with potted split-root plants show that the decrease of whole-plant transpiration can allow the wet compartment of the root system to supply enough water to the shoot to prevent shoot water deficit (Blackman and Davies 1985; Gowing et al. 1990; Stoll et al. 2000) . In grape, prolonged drying of one soil compartment eventually diminishes the effects of chemical signals on stomatal conductance (Stoll et al. 2000) , presumably as water uptake from this compartment contributes proportionally less to the transpiration stream. To sustain the effect of PRD on stomata, it was necessary to regularly alternate the wet and dry compartments, usually every 10-14 days (Stoll et al. 2000) .
In maize, prolonged drying of only one compartment of the root system sustained partial stomatal closure throughout the growing season (Kang et al. 1998) . In addition to water savings, PRD has also been reported to have beneficial effects on fruit quality with no, or minimal, losses in yield (Dry et al. 1996; Davies et al. 2000; dos Santos et al. 2003 ).
An important mechanism of plant response to PRD, in addition to water conservation, may be an increased ability to access soil resources (Kang et al. 2000 (Kang et al. , 2002 . Belowground responses of plants to PRD have generally received less attention, although roots of PRD plants can have a greater capacity for deeper and more widespread soil exploration (Kang et al. 1998 (Kang et al. , 2000 than control plants. Soil water content of the wetted side of the row of PRD plants is depleted more rapidly than the same side of control plants (Kang et al. 2002) , indicating the root system can partially compensate for the increasingly limited water availability of the dry side of the row. Episodes of soil drying and re-watering can enhance the extension and initiation of secondary roots, respectively (Liang et al. 1996) , and increase root hydraulic conductivity by cell-to-cell channels known as aquaporins (North and Nobel 1991; Martre et al. 2001 Martre et al. , 2002 . Although shoot and root growth responses to PRD have been studied independently, changes in plant biomass allocation are rarely reported, mainly due to the difficulties of extracting root material from field-grown crops. Production of tomatoes in containers (Davies et al. 2000) provided an opportunity to assess the effects of PRD on biomass allocation, which may allow the maintenance of crop yield under PRD.
Water-saving considerations have resulted in most PRD treatments receiving less water (usually 50% less) than control plants (Davies et al. 2000; Stoll et al. 2000; dos Santos et al. 2003) . To investigate the effects of PRDrather than the effects of deficit irrigation -on biomass allocation, control and PRD plants of our study received equal volumes of water. Wet and dry compartments were alternated as in a previous tomato experiment (Davies et al. 2000) . The effects of PRD on tomato biomass allocation were studied in a traditional variety (cv. Ailsa Craig) and a modern, commercial variety (cv. Solairo), grown in a glasshouse until the stage at which fruit harvest would have normally commenced. To evaluate the effects of alternate soil drying and re-watering on root growth in the individual compartments, vegetative plants were subjected to two cycles of PRD under controlled environment conditions.
Materials and methods

Experiment 1
Seeds of the tomato (Lycopersicon esculentum Mill.) cvv. Ailsa Craig (Moles Seeds, Essex, UK) and Solairo (Pinetree DeRuiter Seeds, Southampton, UK) were sown in seedling trays containing wellwatered compost (Levington M3, Scotts UK Professional, Suffolk, UK), with a single seed in each compartment (20 × 20 mm, 30 mm deep At this time, the root ball of the young plant was removed from the 0.37-L pot and washed gently in a bucket of tap water to remove the compost. The compost-free root system was then divided into two, approximately equal parts (halves) before being placed into two juxtaposed, 5-L, compost-filled (John Innes No. 2) pots. Compost was then back-filled into the gaps around the roots and around the base of the stem to ensure that the root system was covered, before the shoot was tied to a supportive stake. An individual irrigation dripper spike, attached to a 2 L h −1 pressure-compensating micro-irrigation dripper (LBS Horticulture, Lancashire, UK), was placed into each pot. During this pre-treatment phase, all plants received water at a rate of 2 L d (1 L to each pot) supplied equally over four irrigation periods throughout the day (0600, 1000, 1400 and 1800 h), to prevent water-logging or water deficit at any point during the day. Transplantation shock was minimised by transplanting at the end of the day. After transplanting, plants received only natural light.
PRD treatment was imposed 7 d after transplanting to the 5-L pots, when cv. Ailsa Craig and cv. Solairo plants were, on average, 400 and 500 mm tall, respectively, and had 8 and 10 leaves per plant, respectively. Flower buds of the first truss had formed in both cultivars. All plants still received 2 L water d −1 as in Davies et al. (2000) . Plants were then subjected to 4 × 14-d cycles of PRD. For a control plant, each pot retained a single irrigation dripper, but for a PRD plant both drippers were moved initially into one of the two pots, and after 14 d, both drippers were moved to the other pot.
Liquid fertiliser (Original Seaweed Extract, Maxicrop, Corby, UK) was applied (30 mL) to each pot once a week after the start of treatment, before irrigation. The fertiliser was poured onto the surface of the compost at the centre of each pot, next to the dripper. Side (lateral) shoots were removed weekly from all plants, and not included in subsequent analysis of biomass allocation when plants were harvested.
At varying intervals throughout the experiment, the apparent dielectric constant of the upper 6 cm of compost of all pots was measured with a soil moisture probe (Type ML2X attached to a HH2 Moisture Meter, Delta-T Devices, Burwell, UK). The probe was positioned in the compost at the top of each pot, approximately 30 mm from the irrigation dripper. Two readings were taken from each pot and the mean was calculated. Measurements were taken before the 1000 h irrigation, and converted to volumetric soil water content (θ) with a calibration curve (data not shown). Soil water potentials ( s ) at known volumetric soil water contents (made by adding known volumes of water to known volumes of oven-dry soil in a cup, which was sealed with parafilm and allowed to equilibrate overnight) were measured with a soil psychrometer (Model WP4, Decagon Devices Inc., Pullman, WA). This technique showed a s of -0.55 MPa at a θ of 10%.
Harvest of above-ground plant parts (shoots) occurred over a 2-d period at the end of the fourth cycle of PRD, 56 d after the initiation of PRD, 91 d after sowing. Plants had formed six or seven trusses and were about 2 m tall. Paired plants (PRD and control) were harvested sequentially and alternated between cultivars. Above-ground plant tissue was divided into stems (including petioles), leaves and reproductive material (which included the peduncle, fruit pedicel and the fruit, and is called 'fruit' hereafter). Plant material was placed into an oven at 65
• C until a constant mass was reached, then weighed.
Root systems were harvested after the shoot harvesting was completed. As before, paired plants were washed sequentially. The two compartments of the root system were separated with a sharp knife before washing. The compost-free roots were placed into an oven at 65
Experiment 2
Tomato plants (Lycopersicon esculentum) cv. Ailsa Craig (Moles Seeds, Essex, UK), were raised as described above under artificial lighting (250 µmol m −2 s −1 ) supplied by 400 W metal halide lamps (Model HPI-T+, Philips) on a 12-h photoperiod in a single controlled environment cabinet. Day and night temperatures were 24 ± 1
• C and 17 ± 1 • C, respectively. Seedlings were transplanted 14 d after sowing into 'net pots' (Teku TM , Pöppelmann Plastiques, Pöppelmann, France) filled with compost (John Innes No. 2). The pots were 50 mm diameter × 50 mm deep with 5 × 7 mm pores in the sides. Plants received 25 mL of water daily. After a further 14 d, seedlings (still in the net pots) were transplanted into custom-made split-pots filled with compost (John Innes No. 2), comprising two plastic columns (70 × 70 mm, 335 mm deep) taped together. Where the two columns touched, part of the plastic wall (50 mm deep × 50 mm wide) was removed to allow a net pot to be inserted into the potting compost, thus minimising root disturbance. For a further 3 d, plants received 50 mL of water to each compartment of the split-pot. PRD was applied when plants were approximately 150 mm in height and the fifth leaf had emerged.
PRD and control plants were randomly arranged within the CEC, and after each harvest, the remaining plants were re-randomised with respect to position in the cabinet. All plants received the same amount of water, applied manually about 10 h into the photoperiod. During the experimental period there were no signs of leaching from the soil after irrigation. In control plants, each compartment of the split-pot received the same amount of water, while PRD plants received all their water on only one compartment of the pot during each watering; watering was alternated between sides once (day 14) during the experimental period. All plants received water at a rate of 100 mL d −1 during the first cycle of PRD. This was increased to 150 mL d −1 per plant during the second cycle of PRD in response to the gradually declining θ of control plants after day 13.
Immediately before irrigation, θ was measured as described above, to determine the maximum soil water deficit for each treatment over a 24-h period. Stomatal conductance (g s ) of the abaxial leaf surface was measured during the first cycle of PRD with a diffusion porometer (Model AP4, Delta-T Devices, Cambridge, UK). Measurements of g s from the leaf at node 3 (the youngest fully expanded leaf at the start of the experiment) were made 4-5 h into the photoperiod. Leaf water potentials ( L ) were determined at the end of each cycle of PRD with a Scholander-type pressure vessel (Soil Moisture Corp., Santa Barbara, CA). Measurements of L were made 4-5 h into the photoperiod of the youngest fully expanded leaf.
Plants were harvested at the end of the first and second cycles of PRD, 14 and 21 d after starting PRD, respectively. Plants were harvested as previously described, with the exception that plants in this experiment had no reproductive material and each compartment of the root system was treated separately. The net pots were cut away from the root system, which was separated into compartments for washing and subsequent drying. Total-plant leaf area was measured with a leaf area meter (Model 3100, Li-Cor Instruments, Lincoln, NE). Plant material was placed into an oven at 65
Statistical analysis
Paired t-tests were used to determine significant treatment differences in organ and plant biomass in Experiment 1, and unpaired t-tests were used 
Results
In Experiment 1, control plants and the irrigated compartment of the PRD treatment maintained a volumetric soil water content (θ) of approximately 45-50% (Fig. 1) .
Withholding irrigation from one compartment of the PRD plants allowed the soil to dry, reaching a θ of about 7-15% after 14 d. When irrigation was re-applied to this compartment, θ returned to about 45-50% within several days, indicating that soil drying did not greatly affect water-holding capacity. This was confirmed by laboratory studies, which showed that soil dried to a θ of 7-15% could re-hydrate to the same θ as occurring at the start of the drying cycle (data not shown). Biomass did not differ between control and PRD plants of either tomato cultivar after four cycles of PRD, when the plants were harvested (Fig. 2) . Biomass allocation between the major organs of the plant (leaf, stem, fruit and roots) was significantly altered by the PRD treatment; root biomass of PRD plants was significantly increased (approximately 55%) compared with control plants. This increase in root biomass was at the expense of the shoot. PRD significantly decreased the biomass of all shoot organs in cv. Solairo compared with the control plants, with leaf, stem and fruit biomass decreased by 13, 11 and 8%, respectively (Fig. 2b) . Although leaf, stem and fruit biomass of cv. Ailsa Craig PRD plants were not statistically different from control plants, whole-shoot biomass (the sum of leaf, stem and fruit biomass) was 9% (P=0.056) less (Fig. 2a) .
In Experiment 2, control plants and the irrigated compartment of the PRD treatment maintained a θ of approximately 38% during the first 14-d cycle of PRD (Fig. 3a) . During this time, θ of the drying compartment decreased from about 38% to about 15% at a relatively . When wet and dry compartments were reversed, water could still be removed from the drying compartment (as θ was still declining). After wet and drying compartments were reversed, θ of the new well-watered compartment of the PRD treatment was always significantly lower (P<0.001) than the θ measured for control plants. This occurred even though this compartment received twice the volume of water that a single compartment of the control plants received, and irrigation had been increased from 100 to 150 mL plant −1 d −1 during this second cycle of PRD. Soil drying during this second cycle was more rapid than the first, θ decreasing to about 15% within 5 d of alternating wet and dry compartments. Although PRD plants were exposed to drying soil, leaf water potentials ( L ) did not significantly differ between control and PRD plants at either Harvest 1 (data not shown) or Harvest 2 (Table 1 ). There was a consistent trend for PRD plants to maintain a slightly higher (0.06-0.08 MPa) mean L . This was probably the result of stomatal closure, as stomatal conductance (g s ) of PRD plants decreased with time during the first cycle of PRD, while control plants maintained a reasonably constant g s (Fig. 3b ).
There were no significant treatment differences in leaf area, total dry weight and the component dry weights of leaves, stems or roots after the first cycle of PRD (data not shown). This was also the case after the second cycle of PRD (Table 1) , although root biomass of PRD plants was 19% (P=0.09) greater.
When root biomass was divided into individual compartments, the drying compartment of the PRD treatment was not statistically different from the irrigated compartments of control and PRD plants at the first harvest (Table 2) . At the second harvest, root biomass of this compartment (now re-watered) was 1.5-fold greater than the mean root biomass of the other compartments (Table 2) . Expressed in terms of absolute growth rates, roots in the rewatered compartment maintained an average growth rate of 0.049 g d −1 during the second cycle of PRD, compared with an average of 0.028 g d −1 in the other compartments.
Discussion
Although long-term (several weeks) exposure of plants to drying soil usually decreases root (and plant) biomass, there are examples where water stress has temporarily increased root biomass and extension (Sharp and Davies 1979; Liang et al. 1996) . Even when plant biomass is decreased by water stress, biomass allocation to the roots is usually increased (Poorter and Nagel 2000) . By applying the same amount of water to both control and PRD plants, yet always exposing some roots of PRD plants to drying soil, PRD plants achieved a biomass equivalent to control plants, but with a very different allocation pattern (Fig. 2) . Total root biomass of PRD plants was increased by about 55 and 19% in the GH and CEC, respectively. Given recent interest in PRD as an irrigation technique, do these observations have any parallel?
At least two studies have reported increased root biomass (Zea mays, Kang et al. 1998) and root : shoot ratio (Capsicum annuum, Kang et al. 2001 ) of pot-grown PRD plants, when the dry and wet compartments were alternated. Since root : shoot ratio changes as the plant develops, root biomass has been plotted against plant biomass for the above crops and for our GH-grown tomato (Fig. 4) . The studies of Kang et al. (1998 Kang et al. ( , 2001 ) had several PRD treatments where the soil of one compartment was allowed to dry to various percentages of field capacity, allowing regression lines to be fitted through the data of each study. However, fitting 95% confidence intervals to these data showed that root biomass did not increase disproportionately compared with total biomass, and that increases in root : shoot ratio can sometimes be attributed to ontogenetic changes rather than watering regimes (Fig. 4) . In contrast, root biomass of field-grown maize ( in Fig. 4 ; Kang et al. 2000) and both glasshouse-grown tomato cultivars (points A and B, Fig. 4 ) was apparently not explained in terms of total dry weight. It is important to understand the mechanism(s) involved in this allometric response.
Soil-drying-induced changes in plant water relations might control assimilate partitioning between plant organs. In water-stressed C. annuum plants ( L decreased from -0.5 to -2.0 MPa), translocation of 14 C assimilates from a (Kang et al. 1998; squares) , field-grown Z. mays (Kang et al. 2000; diamonds) , pot-grown C. annuum (Kang et al. 2001; circles) , pot-grown L. esculentum cv. Ailsa Craig (inverted triangles, from Fig. 2a ) and cv. Solairo (triangles, from Fig. 2b ). Linear regressions were fitted between points within particular studies, and 95% confidence intervals fitted to the pot-grown studies of Kang et al. source leaf to the roots was less inhibited than translocation to the shoot apex, and this was reflected in the subsequent growth response of roots and shoot following re-watering (Aloni et al. 1991) . Previous investigations where PRD has stimulated biomass allocation to the roots have not reported measurements of L . Although L was not measured in the GH experiment, measurements of L in the CEC experiment (Table 1) at the period of maximum soil water deficit showed that soil drying changed biomass allocation even when L did not change. The absence of changes in L suggests that changes in root physiology are responsible for the increase in root biomass, even though the source of this biomass is carbohydrates from the shoot. We have not yet determined whether increased dry matter content, increased root number or greater root extension caused this increase in root biomass. Irrespective of the cause(s), the timing of this response has been identified under controlled conditions in vegetative plants. During the first cycle of PRD, there were no significant root biomass differences between wet and dry compartments of PRD plants and control plants (Table 2 ). There was a tendency for increased root development in the drying compartment, perhaps reflecting a stimulation of root growth by mild soil drying (Sharp and Davies 1979) . However, when this compartment was re-watered, there was a significant accumulation of biomass (Table 2) , as though exposure to drying soil had 'primed' the root system for rapid growth. Soil drying or root dehydration induce multiple biochemical changes including altered root hormone content (Zhang and Davies 1989; Masia et al. 1994 ) and carbohydrate metabolism (Sharp et al. 1990) , which can be important in controlling root extension and architecture (Freixes et al. 2002; Sharp 2002) . Identifying the roles of specific compounds in this root growth response may be progressed with available mutants.
It will be important to understand how increased root biomass of PRD plants affects the ability of the whole root system to take up water and nutrients. Decreased θ of the wet compartment of PRD plants during the second cycle of PRD (relative to the θ of control plants, Fig. 3a) implies that roots in this compartment are taking up more water to compensate for decreased uptake from the dry compartment. In fieldgrown PRD plants, greater exploration of the soil profile may contribute to their ability to avoid shoot water deficits, a socalled feed-forward response (Sharp and Davies 1979; Reid and Renquist 1997) . In container-grown plants with adequate water and nutrient supplies (such as in this study), increased root biomass is less likely to be advantageous in terms of resource acquisition. On the contrary, increased root biomass has diverted resources away from the shoot and from the fruit (Fig. 2) . This diversion is likely to be an underestimate due to high rates of root turnover (30-40% of roots survive ≤ 28 d) in tomato (Reid et al. 1996) . However, it should be emphasised that a single harvest was made in the greenhouse, providing only a momentary snapshot of biomass allocation during the crop life cycle. A similar experiment conducted in the previous year, where the crop was allowed to fruit on six trusses and ripe tomatoes were harvested over an 8-week period, showed no difference in tomato fruit yield between PRD and control plants of both cultivars (Mingo 2003) . Later in the crop life cycle, biomass allocation within the shoot may have altered, so that fruit yield was maintained at the expense of stem and leaf biomass. Increased biomass allocation to reproductive structures is commonly seen in plants exposed to drying soil and may contribute to yield maintenance of plants grown with PRD in the field.
Despite changes in biomass allocation, in neither experiment did biomass differ between PRD and control plants ( Fig. 2; Table 1 ) even though regression analysis showed PRD-induced stomatal closure in Experiment 2 (Fig. 3b) . Maintenance of biomass despite stomatal closure has been previously observed (Kang et al. 1998 ) and attributed to non-linearity in the relationship between stomatal conductance and photosynthesis. Considerable stomatal closure can occur without changes in photosynthesis (Jones 1992) allowing the plant to use less water yet maintain carbon fixation. Stomatal closure during PRD is highly variable between species, ranging from no stomatal closure in pot-grown maize in a CEC (Saab and Sharp 1989) to 80% in pot-grown grape in a glasshouse (Stoll et al. 2000) . Tomatoes grown with PRD in a CEC showed a 20-50% (Holbrook et al. 2002) and 10-20% (Jones et al. 1987) decrease in stomatal conductance, consistent with our data (Fig. 3b) . Identifying sources of variation in this stomatal response will be important if the water saving potential of PRD irrigation is to be fully realised in the field.
Although one benefit of PRD in grape is control of vegetative vigour (Dry et al. 1996; dos Santos et al. 2003) , leaf area of tomatoes was insensitive to partial soil drying (Table 1) even though leaf expansion is reported to be one of the processes most sensitive to soil drying (Hsiao 1973) . Chemical signals produced by the drying root system may be diluted in the transpiration stream (by water sourced from the wet compartment of the root system), thus causing signal concentration at the active site(s) for leaf growth to be too low to induce a response. Alternatively, the sensitivity of leaf expansion to one growth inhibitory chemical signal (ABA) increased with evaporative demand (Ben Haj Salah and Tardieu 1997), and the low evaporative demand within the CEC may explain why PRD did not decrease tomato leaf area (Table 1) . Similarly, identifying sources of variation in the leaf expansion response to PRD will be important if this irrigation technique is to control vegetative growth in the field.
In conclusion, we have shown a significant increase in root growth of PRD-grown tomato plants that appears to be associated with the re-watering of the previously dry compartment. The physiological consequences of this response in terms of root water and nutrient uptake, and biomass allocation within the shoot throughout a cropping cycle, require further evaluation. This response may provide a more compelling case for the alternation of wet and dry compartments of PRD-grown plants than the regulation of stomatal conductance, and may contribute to the successful application of PRD in the field.
